Water samples were taken from Lake Ohnuma and a river which flows into it. Concentrations of organically-bound iron and nitrate in both the lake and the river were measured throughout one year.
The iron complex in the river water is a dissolved small molecular size species and diffuses into the lake without physical deposition.
The iron complex in the lake shows a lower concentration during the period from spring to autumn than in the river because of utilization by phytoplankton. In winter the iron complex concentration became equal to that in the river. Throughout one year the iron complex showed the same behavior as nitrate. The iron complex increased the growth rate of phytoplankton in a culture experiment and passed through a semipermeable membrane with a pore size of 24 A. The iron complex was assumed to be fulvic acid-Fe.
Introduction
Study of the chemical forms of trace metals in natural waters is important in geochemistry and biochemistry. Especially iron and manganese are considered to be very important elements for the growth of phytoplankton.
Dissolved trace metals in natural waters are present in the form of cations or complex compounds with inorganic ligands or organic ligands.
It has been reported that humic substances in natural waters form complexes with metals (SCHNITZER and KHAN, 1972; GAMBLE and SCHNITZER, 1973; REUTER and PERDUE, 1977) and also increase the growth of phytoplankton (BURK et at., 1931; DEKOCK, 1955; PRAKASH and RASHID, 1968; DOIG and MARTIN, 1974) . GLOVER (1978) found a good correlation between soluble iron (pass through a filter with 0.45 µm pore size) concentration and phytoplankton blooms in marine coastal waters.
Recently, MANTOURA et at. (1978) and WILSON (1978) thermodynamically calculated the chemical species of metals in natural waters, taking into account the several inorganic anions and humic substances as ligands. It was reported that iron in natural water associated with organic materials by using a gel filtration technique (PLUMB and LEE, 1973) and also a humic acid-Fe complex was formed in an indoor experiment (PICARD and FELBECK, 1976) . PERDUE et at. (1976) found a strong correlation between dissolved organic matter (fulvic acid) and the sum of iron and aluminium concentrations in the Satilla River, and FIGUI RES et at. (1978) reported that iron filtered (0.025 am pore size) in river water diffuses by only water mixing into coastal water, suggesting that the iron was organicallybound iron. On the other hand, using Mossbauer spectroscopy, DICKSON (1979) reported that organically-bound iron in humic fraction extracted from sediment could not exist in natural environments. However, SENESI (1981) , commenting on Dickson's article, suggested that MOssbauer spectroscopy alone cannot give an answer to the problem of organically-bound iron, but needs further spectroscopic and chemical evidence.
The area and the average water depth of Lake Ohnuma are 5.1 km2 and 6.4 m, respectively.
The lake was frozen over about 70 cm thick between January to March. The vertical and horizontal water movement was active by wind and so the vertical and horizontal concentration gradient of chemical substances was small. The primary production averaged below 0.2 g C· m-· day-1 from spring to autumn. Dissolved organic carbon in both the lake and the river ranged from 1 to 10 mg•l-I all year round (MATSUNAGA et al.. 1979) . Dissolved organic substances had a molecular weight of 900+ 300 (MATSUNAGA et al., 1980) . Thus, the main organic matter and organically-bound iron are assumed to be fulvic acid and a fulvic acid-iron complex, respectively.
Hum ic substances have many carboxyl groups with a dissociation constant of pKa=4.2 (WILSON and KINNEY, 1977) . Thus, the humics substances are dissociated in natural fresh waters at about pH 6, and then the substances and their metal complexes possess a negative charge. About half of the copper in the lake was found to be associated with fulvic acid. This result was in good accordance with thermodynamic calculations (MATSUNAGA et al., 1980) .
In the present study, fulvic acid-Fe complex was separated by using an anion exchange resin and then the behavior of the iron complex in the lake was investigated over one year.
Methods
Lake and river surface samples were taken from the center of the lake and the river during the period from Nov. 1979 to Oct. 1980 . The outline of the analytical method is as follows . Samples were immediately filtered through an HA type millipore filter with a pore size of 0. 45 m. m. Two hundred ml of the filtrate was passed through a column of the anion exchange resin (Dowex 1 x 8, 100-200 mesh) at a flow rate of below 5 ml• min' and the column was washed with distilled water.
The iron complex exchanged was eluted with 40 ml of 1 M hydrochloric acid. Iron was colorimetrically determined with ferrozine (STOOKEY, 1970) and nitrate in the filtrate was determined by the method of NISHIMURA and MATSU-NAGA (1969) .
The analytical errors of the iron complex and nitrate were 15 and 5% at iron and nitrate concentration levels of 50 ug • l-1 and 10 sag-at N • l-1, respectively.
The lake water samples for investigating the physical behavior of iron were taken from the mouth of the river to the center of the lake within 1 hr in September and October.
The iron complex and nitrate were determined by the same methods as those mentioned above. Raw samples for total iron were stored at pH 1 with hydrochloric acid, and iron in the samples was determined with f errozine.
To investigate its growth rate, a phytoplankter (Selenastrum ca~ricornutum) was cultured in Norris-Calvin V medium by adding various chemical forms of iron under light intensity of 6, 000lux at 20°C. Other phytoplankter (Chlorella sp.) was cultured in the river water media passed through the filter or the column. The number of phytoplankton was counted with a microscope.
To investigate the molecular size of the iron complex, a fulvic acid solution was extracted from the river sediment by the method of STEVENSON (1965) and passed through the HA type filter. The fulvic acid solution including trace iron which is assumed to be the fulvic acid-Fe complex, was placed in a ultrafiltration cell and passed through a semipermeable membrane (Visking) with a pore size of 24 A under a pressure of 5 kg • cm-2. In a dialysis experiment, the fulvic acid solution in a bag made of the membrane was dialyzed against distilled water in a beaker for one week with continuous stirring. The fulvic acid (absorbance at 250 nm) and the iron complex concentrations in both inside and outside solutions were determined.
Results and Discussion
Seasonal variations of the iron complex and nitrate in both the lake and the river. Figure 1 shows their seasonal variations and Fig. 2 their ratios in the lake to those in the river. Nitrate concentration in the river was within a range of 10-20 ,ugat•l-1 throughout one year. The concentration of the iron complex in the river shows 200-300 ,ug • l-1 during the period from January to March, in which the land around the lake is covered with snow. In the other seasons, a constant value of loo ug l-' is observed. In contrast, the concentrations of iron complex and nitrate in the lake show considerable change as shown in Figs. 1 and 2 . Since the origin of the subtances in the lake water is the river, if losses in the lake do not occur, their concentration in the lake should be nearly equivalent to that in the river. In the lake, the concentration of nitrate decreases from late spring to late summer because of consumption by phytoplankton, and increases again from early winter to early spring. The iron complex shows the same behavior as nitrate.
These results suggest that the iron complex is utilized by phytoplankton, in the same way as nitrate.
Physical behavior of iron was investigated by measuring the iron complex and total particulate iron. Figure 3 shows a plot of the iron complex or total iron versus nitrate concentration.
The iron complex and nitrate are zero in the lake except at the mouth of the river in the sampling season (September and October). Thus, the nitrate was used for a water mixing indicator. The total iron decreases exponentially because of physical deposition. However, the iron complex shows a straight line, indicating that the iron complex diffuses by water mixing. If physical or chemical aggregation occurred, followed by sedimentation, the iron com- 0, x : NO3 in the lake and the river, respectively. Lull~~II: fulvic acidFe in the lake and the river, respectively. Fig. 2 . Ratios of fulvic acid-Fe, nitrate in the lake to those in the river, respectively. 0: fulvic acid-Fe ratio.
•: NO3 ratio. plex would not show the straight lines.
The lake water which passed through the HA type filter was allowed to stand for months at both 5 and 20°C. The iron complex is stable even during the 3-month period of incubation (Fig. 4) , so neither aggregation nor deposition of the iron complex in the lake occurs for a long period.
In order to demonstrate the uptake of the iron complex by alga, Selenastrum ca~ricornutum was cultured in NorrisCalvin V medium in the presence of various iron forms. Figure 5 shows that additions of the ethylenediaminetetraacetic acid-Fe (EDTA-Fe), fulvic acid-Fe complex extracted from the river sediment increased the growth rate of the phytoplankton relative to that of inorganic iron. These results suggest that the iron complex is dissolved, small molecular size species like EDTA-Fe and is capable of being transported through the cell membrane.
Chlorella sp. was cultured in the river water media. One medium is only passed through the filter and the second medium is passed through the anion exchange column; thus, the iron complex in the second medium is almost completely removed. Both media were enriched with 100 Sag-at N03-N•1' -and 10 ,ug-at P04-P• l-1. From Fig. 6 Fig. 6 . Growth curves of phytoplankton in two media. 0: river water passed through only the filter.
•: river water passed through the Dowex 1 x 8 column. Table 2 . Dialysis of fulvic acid against distilled water.
* Absorbance at 250nm , ** Fe is assumed to be fulvic acid-Fe, pg, µg· l-1 (Table 2 ).
